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Abstract 

Background  Ileal pouch-anal anastomosis (IPAA) is the standard of care after total proctocolectomy for ulcerative 
colitis (UC). Around 50% of patients will experience pouchitis, an idiopathic inflammatory condition. Antibiotics are 
the backbone of treatment of pouchitis; however, antibiotic-resistant pouchitis develops in 5–10% of those patients. 
It has been shown that fecal microbiota transplantation (FMT) is an effective treatment for UC, but results for FMT 
antibiotic-resistant pouchitis are inconsistent.

Methods  To uncover which metabolic activities were transferred to the recipients during FMT and helped the remis‑
sion, we performed a longitudinal case study of the gut metatranscriptomes from three patients and their donors. The 
patients were treated by two to three FMTs, and stool samples were analyzed for up to 140 days.

Results  Reduced expression in pouchitis patients compared to healthy donors was observed for genes involved 
in biosynthesis of amino acids, cofactors, and B vitamins. An independent metatranscriptome dataset of UC patients 
showed a similar result. Other functions including biosynthesis of butyrate, metabolism of bile acids, and trypto‑
phan were also much lower expressed in pouchitis. After FMT, these activities transiently increased, and the overall 
metatranscriptome profiles closely mirrored those of the respective donors with notable fluctuations during the sub‑
sequent weeks. The levels of the clinical marker fecal calprotectin were concordant with the metatranscriptome data. 
Faecalibacterium prausnitzii represented the most active species contributing to butyrate synthesis via the acetyl-CoA 
pathway. Remission occurred after the last FMT in all patients and was characterized by a microbiota activity profile 
distinct from donors in two of the patients.

Conclusions  Our study demonstrates the clear but short-lived activity engraftment of donor microbiota, particularly 
the butyrate biosynthesis after each FMT. The data suggest that FMT triggers shifts in the activity of patient microbiota 
towards health which need to be repeated to reach critical thresholds. As a case study, these insights warrant cautious 
interpretation, and validation in larger cohorts is necessary for generalized applications. In the long run, probiotics 
with high taxonomic diversity consisting of well characterized strains could replace FMT to avoid the costly screening 
of donors and the risk of transferring unwanted genetic material.
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Background
Fecal microbiota transplantation (FMT) is a novel ther-
apy, whereby the fecal microbiota of healthy donors 
are transferred to seriously ill recipients [1]. It is highly 
successful for recurrent infections by Clostridioides dif-
ficile (CDI) [2, 3]. Many other indications for FMT have 
been tested, and a meta-analysis of the current literature 
reported that FMT can also be successful for ulcerative 
colitis (UC) [4].

UC, one of two major types of inflammatory bowel 
disease (IBD), is a global disease with a rising worldwide 
prevalence [5]. UC is a lifelong illness that has a profound 
impact on patients. The current concept on UC etiology 
highlights a complex interplay of factors encompassing 
dysregulation of intestinal microbiota and immunity, 
genetic makeup, environmental and lifestyle factors, and 
drive chronic intestinal inflammation [6]. In the past few 
decades, substantial progress has revolutionized medical 
treatment approaches for UC. However, a significant pro-
portion of patients with UC require surgical intervention. 
Restorative proctocolectomy with ileal pouch-anal anas-
tomosis (IPAA) is the surgical treatment of choice for UC 
refractory to medical treatment or with malignant trans-
formations. In patients with IPAA, pouchitis, a mucosal 
inflammation of the ileal reservoir, is the most common 
long-term complication with a 10-year cumulative inci-
dence between 24 and 59% [7]. The symptoms of acute 
pouchitis are characterized by an increased frequency of 
stool, malaise, abdominal cramps, rectal bleeding, and 
sometimes fever.

Antibiotic treatment (ABT) in pouchitis is initially 
successful, but often inflammation becomes resistant to 
ABT, leaving FMT as an important final option. Reports 
about the outcome of FMT in chronic, antibiotic-resist-
ant recurrent pouchitis patients are rare. Currently, there 
are mostly case reports and studies with very few patients 
available, and the results are variable [8–15]. A prospec-
tive, multicenter, double-blind, randomized, controlled 
trial on the efficiency of FMT for chronic recurrent 
pouchitis is underway [16, 17].

Stool microbiota of patients with IBD are the most 
extensively studied dysbiotic microbial communities 
to date. As part of the Human Microbiome Project, 
multi-omics datasets from several clinical cohorts were 
analyzed for the mechanisms and early markers of dys-
biosis with the aim of developing a systems-level under-
standing of these diseases [18–20]. This hugely complex 
work, of which only a few findings are summarized 

below, provides an important baseline for the case stud-
ies reported here. Key findings in IBD, which were con-
firmed in these and several other studies, are loss of 
taxonomic and functional diversity, an increase in facul-
tative anaerobes (e.g., Escherichia coli), and a decrease in 
obligately anaerobic producers of short-chain fatty acids 
(SCFA), in particular the butyrate producers Faecalibac-
terium prausnitzii and Roseburia hominis.

Although such huge cohort studies are invaluable 
bases for generalized conclusions, they cannot account 
for the enormous individual differences in microbiota 
composition and activity. Moreover, most studies rely 
on 16S rRNA gene sequencing, which provides a taxo-
nomic fingerprint of the microbial community but little 
functional information or metagenome analyses which 
show the genetic potential but not the actual activity of 
the microbiota.

In our previous study [14], FMT was applied to five 
patients that suffered from chronic antibiotic refractory 
pouchitis. Remission occurred after two or three FMTs 
in four of the five patients. Analysis of the 16S rRNA 
gene amplicons had previously shown differences in 
donor microbiota engraftment between the subsequent 
FMTs [14]. Here, we analyzed the metatranscriptomes 
of the donors and three patients that experienced clini-
cal remission and had a complete record of clinical data 
during FMT. These three case studies are to the best of 
our knowledge the first to use metatranscriptome anal-
ysis to follow the shifts in the gut microbiota activity 
before and after FMT and provide insights into which 
activity alterations contributed to remission.

We first analyzed the taxonomic and functional com-
position of the active communities in each patient and 
followed it during up to three FMTs and 140 days. Then 
we determined the functions that were provided to the 
patients during FMT by comparing health and pouchi-
tis and identified the microbes driving those shifts.

Next, we focused on pathways for the gut metabolites 
butyrate, secondary bile acids, vitamin B12 (cobala-
min), vitamin B6 (pyridoxine), and tryptophan-derived 
metabolites that have been shown to play crucial roles 
in the health of the gut and to alleviate its inflamma-
tion [21]. Based on their documented importance, we 
focused on pathways for these metabolites in health 
and disease and analyzed the differentially expressed 
genes and the contributions of bacterial taxa to these 
functions. Subsequently, we followed their expression 
during two to three FMTs in the patients.

Keywords  Metatranscriptome, Fecal microbiota transplantation, Pouchitis, Engraftment, Activity alterations, Butyrate 
biosynthesis, Bile acid metabolism, Faecalibacterium prausnitzii
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These analyses showed that F. prausnitzii played an 
important role. It is the most active contributor to the 
biosynthesis of butyrate. Therefore, we followed the 
activity of F. prausnitzii in health and disease as well as 
during the whole treatment process in detail.

Our analysis shows that engraftment of donor micro-
biota in recipients clearly occurred but was not stable. 
The downregulated genes in pouchitis were restored in 
patients temporarily after FMT. Final remission required 
several FMTs and was characterized by an active com-
munity distinct from the donors and the patients before 
treatment in two of the three patients, while in the third 
one, the patient acquired a microbial community similar 
to that of the donor.

Results
Study design and clinical data
Three patients suffering from chronic antibiotic-resistant 
pouchitis were followed through two to three FMTs by 
obtaining stool samples. The three patients selected for 
this study were from our previously published clinical 
research [14], and their clinical data are shown in Table 
S1 sheet 1. We specifically chose these individuals for our 
research because they were the only ones with compre-
hensive records of both fecal calprotectin (FC) levels and 
pouchitis disease activity index (PDAI) scores. From all 
patients, two samples were collected prior to treatment, 
representing the diseased state. All patients received 
ABT before the first FMT. For metatranscriptomes, the 
patients were followed for 140 days (CG), 99 days (DW), 
and 55  days (JM) after the first FMT (Table S1 sheets 
1–2). The FC levels were followed until 4–6 months after 
the last FMT (Table S1 sheets 1–2). Details on ABT and 
FMT procedure can be found in [14]. Before FMT, all 
patients presented with significantly elevated FC levels 
above 400  μg/g (Table S1 sheet 1). These levels notice-
ably dropped after FMT. Antibiotic-free remission for 3 
to 4 months was observed for all three patients after the 
last FMT as reflected by their PDAI scores.

Sequencing data and metatranscriptome analysis
We determined the metatranscriptomes of 49 stool 
samples. Seven samples from two different donors and 
42 samples from three different patients were analyzed. 
The complete sample list can be found in Table S1 sheet 
2. Sequencing generated 4,266,728,608 (~ 4.3 billion) 
reads in total. Of these, 50% represented ribosomal RNA. 
Human reads comprised 1.89%. Thus, the amount of 
putative mRNA reads available for analysis was ~ 2 bil-
lion reads, on average 41,849,255 ± 23,966,569 (41.8 mil-
lion) reads per sample. Of these, 43.8% could be assigned 
a taxonomy by Kraken [22] using the Kraken standard 
database including NCBI RefSeq genomes of archaea, 

bacteria, fungi, human, plasmids, and viruses. To com-
prehensively analyze the activity and taxonomy of the 
metatranscriptome, we used the integrated catalogue of 
reference genes in the human gut microbiome database 
(IGC) which comprises 9,879,896 reference genes [23] 
for mapping. Using this database, 86.71% of all cleaned 
metatranscriptomic reads could be mapped with BWA-
MEM [24]. This mapping rate was improved further to 
87.91% by including additional nonredundant genes into 
the IGC database (see “Methods” for details, Figure S1A, 
and Table S1 sheet 3). To account for the expansion of the 
NCBI RefSeq database in recent years and because the 
taxonomy information of IGC does not include species 
level, its taxonomy assignment was updated using centri-
fuge [25] (see “Methods” for details). With this improved 
database, 70.35% reads were assigned to phylum level 
and 65.45% to genus. The downstream functional enrich-
ment and activity engraftment analyses are illustrated in 
Figure S1B.

Taxonomic composition and gene expression 
of the microbial communities
The mapped reads were contributed by five main phyla, 
Actinobacteria, Ascomycota, Bacteroidetes, Firmicutes, 
and Proteobacteria (Table S1 sheet 4) of which Asco-
mycota is a fungal phylum. Figure 1 (heatmap and right 
bar) shows the taxonomic composition of transcripts on 
the level of genus across all sampling timepoints based 
on all reads mapped to genes with genus assignment. 
Bacteroides was most active, followed by Ruminococ-
cus, Streptococcus, Bifidobacterium, Blautia, Prevotella, 
Escherichia, and Faecalibacterium (Fig.  1, Figure S2, 
Table S1 sheet 5). Bacteroides was also the most abun-
dant genus in our previous study based on 16S rRNA 
gene amplicon sequencing (Figure S3), followed by 
Prevotella, Streptococcus, Faecalibacterium, and Escheri-
chia/Shigella. According to the 16S rRNA gene amplicon 
sequencing data, Streptococcus and Escherichia/Shigella 
were abundant in patients before FMT but not present 
in any of the donors. Faecalibacterium was abundant in 
both donors but very low abundant in patients DW and 
JM before FMT.

In total, 815,055 unique genes were expressed with an 
average read count > 1 among all samples. They account 
for over 99% of mapped reads. Of the unique expressed 
genes, 65,991 were contributed by Bacteroides, 39,132 
by Faecalibacterium, 39,035 by Streptococcus, 31,857 by 
Blautia, and then followed by Ruminococcus, Clostrid-
ium (sensu stricto), and Bifidobacterium (Fig. 1, left bar-
plot). The cumulative rank abundance curve for all reads 
clustered according to genus showed that saturation 
was reached after 20 genera or less (Figure S4). Donors 
reached saturation latest and harbored the most diverse 
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communities: an 80% coverage of all reads mapped to 
taxonomically assigned genes was reached in donor com-
munities by 9.14 ± 1.07 genera, while in patients before 
treatment, such coverage was achieved by 6.00 ± 1.10. In 
patients after ABT and FMT, this coverage was achieved 
by 4.88 ± 2.06 genera. The result suggests that donor’s 
metatranscriptomes had higher taxonomy diversity (Fig-
ure S4).

Before treatment, the patients showed elevated FC lev-
els (849 μg/g for CG, 479 µg/g for DW, and 566 µg/g for 
JM (Fig. 2A, Table S1 sheet 1). The first FMT with the ini-
tial donor DKS resulted in a substantial drop of the FC 
levels for all patients except patient DW. However, the 
values remained at a high level for CG (FC = 219 μg/g). 

For patient DW, the reduction in FC level post-FMT1 
was only 21% (decreasing from 479 to 377 μg/g). The 
second FMT for DW with the same donor reduced the 
FC level to around 200 μg/g. Then the FMT2 for CG and 
FMT3 for DW with a different donor (DSS) brought their 
FC levels to a normal range (150 μg/g for CG and 15 μg/g 
for DW). For patient JM, FMT1 was already successful 
and led to a low FC level (FC = 47 μg/g). The taxonomic 
composition (Fig. 1, Figure S2) and gene expression pro-
file (Fig.  2B) of the active community showed a patient 
specific pattern. The initial communities of the patients 
were different from each other, and they responded 
to the treatment distinctly (Figs.  1  and  2B, and Figure 
S2). The active genera were Prevotella, Ruminococcus, 

Fig. 1  Heatmap of taxonomic composition of the gut community during FMT based on expressed genes on the genus level. Metatranscriptome 
reads were mapped to an improved IGC (Integrated Gene Catalogue) database to assign functional and taxonomic information (see 
“Methods”) and then grouped according to genera. Abundance was normalized by the total number of mapped reads per sample. Only genera 
with an average relative abundance > 0.1% across all samples are shown, which represented > 98% of all taxonomically assigned reads. Right side 
bar, mean of relative expression of all genes for this genus across all samples; left side bar, number of expressed genes from this genus across all 
samples. The two column annotation bars depict the patient groups (CG, DW, and JM) and the disease status. The status “before/after ABT” indicates 
before or after antibiotic treatment. More details can be found in “Methods”
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or Bifidobacterium before FMT in pouchitis patients, 
while Bacteroides, Faecalibacterium, Ruminococcus, or 
Prevotella were active in donors. After FMT, significant 
engraftment could be observed for Bacteroides, Faecali-
bacterium, and Prevotella.

Principal coordinates analysis (PCoA) based on gene 
expression profile showed the temporal dynamics of the 
community before and during FMT. The gut metatran-
scriptomes of patient CG were initially close to those 
of the donor DKS before FMT (Fig.  2B). After FMT1 
provided by DKS, they were even more similar to this 
donor accompanied by a substantial drop in the FC level. 
However, since the decreased FC level remained above 
200  μg/g, a second FMT with a different donor (DSS) 
was performed. This FMT2 further reduced the inflam-
mation of this patient according to the FC level, and the 
patients metatranscriptome now resembled that of the 
donor DSS. The sample 92  days after FMT2 showed an 
activity pattern which was distinct from both donor sam-
ples and the patient samples prior to treatment. Patient 
DW showed highly variable microbiota (Fig.  2B). The 
first and second FMT caused large fluctuations around 
the diseased state (before ABT) as well as towards and 
away from the donor communities. Specifically, FMT1 
failed to trigger a significant reduction in the FC level, 
which remained much higher than 200  μg/g on day 15 
post-FMT1. Moreover, between days 14 and 21 post-
FMT1, the activity profile noticeably diverged from 
the donor cluster. After the second FMT with the same 
donor, the activity profile still deviated from that of the 
donor. By contrast, the profiles were much more stable 
and closer to the donor after the third FMT, where a dif-
ferent donor (DSS) was used. One month after the third 
FMT, FC dropped to a very low level and remained low 
for 4 months after FMT3. For this patient, the data show 
that the choice of the donor for FMT might have had a 
large influence on the quality of engraftment.

Remarkably, for patient JM, the first FMT changed the 
community which now resembled that of the donor and 
was maintained in that state for 1  month and already 
brought the FC measurement to a very low level (Fig. 2). 
Since the patient responded to the donor’s microbiota 
well, the same donor (DKS) was used again for the second 

FMT. After the second FMT, the community stayed simi-
lar to the donor state for 20  days but eventually shifted 
to a very different state. The final metatranscriptome 
sample, 27 days after the second FMT, differed from all 
previous community states and was closest to the com-
munity after ABT. However, the FC levels remained very 
low 4.5 and 6.5  months after the second FMT (FC = 56 
and 32, respectively) which represent a normal status. 
Patient JM was the youngest recipient, and its pouch was 
only 16 months old, which might have helped remission 
to occur. Interestingly, human cytomegalovirus (HCMV) 
transcripts were found to be highly abundant in the sam-
ples from patient JM before FMT2 and in the sample JM_
FMT1/2 from donor DKS (Table S1 sheet 6, Figure S5). 
The virus transcripts were also found in another sample 
DW_FMT1 from this donor used for the patient DW 
where no Cytomegalovirus was subsequently detected 
after this FMT, which may indicate an impaired immune 
system of patient JM and a potential problem with donor 
DKS.

A clustering analysis of all communities (Fig. 3) showed 
that after FMT, the recipients’ communities were clearly 
clustered together with their donors into two groups 
(Fig.  3, Figure S6). The donor DSS, which was used for 
FMT2 in patient CG and FMT3 in patient DW, clus-
tered together with the samples from these patients after 
FMT with one exception of 7 days after FMT1 for DW. 
Likewise, the donor DKS, which was used for all other 
FMTs, clustered together with the patient’s samples after 
FMT. All the communities in the cluster shared 55% gene 
expression profile similarity with each other. Smaller 
clusters were observed for the communities before treat-
ment and after ABT.

Activity changes between health and pouchitis
To discover the activity shifts of the communities and 
the microbial members that drove them, we com-
pared the donor metatranscriptomes (five samples 
from donor DKS and two samples from donor DSS) 
to patient metatranscriptomes before treatment (two 
samples per patient). Using ALDEX2, we identified 
6832 out of 815,055 genes to be differentially expressed 
(DE) between health and pouchitis (Table S1 sheet 7). 

(See figure on next page.)
Fig. 2  FMT treatment timeline and PCoA visualization. A Timeline of treatment process with FC levels. B PCoA based on gene expression 
profile of each sample. In A, sampling time points are indicated with the following: < No. FMT > _ < days since this FMT > . ABT is the timepoint 
for the antibiotic treatment. FMT1/2/3 indicates the timepoint for the corresponding FMT, while DKS or DSS in the bracket shows the donor used 
for this FMT. The height of the bars indicates the FC level. In B, each dot represents a sample, and the number in the dot indicates the number 
of days since the latest FMT. A negative number indicates the sample was taken before the first FMT. The trajectory lines show the timepoints 
across different FMT treatments. The start of each FMT is indicated in italic label. The donor sample used by each FMT is marked and colored 
in green, and the samples before treatment are in red, before FMT after ABT in orange, and after FMT in blue. To be able to compute the distance 
metric and visualize the data, only the top 200,000 expressed genes which account for 92% total mapped reads were taken into account
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Fig. 2  (See legend on previous page.)
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Fig. 3  The clustering of the samples based on gene expression. Bray–Curtis dissimilarity was used to calculate the distance of the samples. The 
dotted red line indicates the similarity (100% - dissimilarity) cutoff of 55%. This cutoff clearly grouped the recipient samples after FMT into two 
clusters represented by corresponding donors. The heatmap below shows the similarity between each pair of samples, and it also demonstrates 
these two clusters apparently. The top 200,000 expressed were used in this visualization as in Fig. 2B
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More than 98% of those DE genes had a median effect 
size > 1.5, ensuring the statistical power of the analysis. 
Almost all of them were upregulated in health, while 
only 46 genes were upregulated in pouchitis. Among 
those DE genes, 658 were from Bacteroides, 407 from 
Bifidobacterium, 394 from Alistipes, 338 from Blautia, 
and 311 from Faecalibacterium. On the species level, 
330 genes were differentially expressed by Bifidobacte-
rium adolescentis, 90 by Roseburia intestinalis, 90 by 
Eggerthella lenta, and 66 by Faecalibacterium praus-
nitzii (Table S1 sheet 7).

Gene-set enrichment analysis of 6,832 DE genes using 
ClusterProfiler [26] identified 65 KEGG pathways and 
24 KEGG modules which were significantly differentially 
regulated between health and pouchitis (Table S1 sheet 8, 
Figure S7A). The most significant KEGG pathway enrich-
ments were amino acid biosynthesis, co-factor biosyn-
thesis, flagellar assembly, ribosome, carbon metabolism, 
vitamin B complex biosynthesis/metabolism (biotin, 
folate, nicotinate, pantothenate, and thiamin), seleno-
compound metabolism, sulfur metabolism, and bacterial 
chemotaxis (Figure S7, Table S1 sheet 8). The most sig-
nificantly enriched KEGG modules in health were the 
biosynthesis of amino acids, fatty acids, heme, and vita-
min B12 (cobalamin) (Figure S8A, Table S1 sheet 8). The 
data suggest that patient gut microbiota before treatment 
were unable to produce essential nutrients by themselves. 
By deconvoluting the pathways and modules into genus 
specific activity, we identified the genera driving those 
activity alterations. Figure 4 shows the contributing taxa 
to 10 out of 65 differentially regulated KEGG pathways, 
including biosynthesis of amino acids, biosynthesis of 
cofactors, quorum sensing, methane metabolism, pan-
tothenate biosynthesis, thiamine metabolism, nicotinate 
metabolism, folate biosynthesis, monobactam biosyn-
thesis, and biotin metabolism. The contributing genera 
were Parabacteroides, Bifidobacterium, Blautia, Alistipes, 
Faecalibacterium, Eggerthella, Bacteroides, Roseburia, 
Collinsella, and Eubacterium. Except for Eggerthella, 
they were all among the 25 most active genera in the 
stool microbiota of patients and donors (Fig. 1). Each of 
those genera contributed to several KEGG pathways, but 
to a different extent. For example, Parabacteroides drove 
the alteration of amino acid biosynthesis activity most 
strongly but was also a major player for differential regu-
lation of the other pathways analyzed here. Collinsella, 
on the other hand, had a large role for quorum-sensing-
related genes but a minor role for all the other pathways. 
From the perspective of the functional modules, their dif-
ferential expression was usually driven by several genera. 
For example, vitamin-related pathways were differentially 
expressed by at least three genera, e.g., Bifidobacterium, 
Parabacteroides, and Collinsella for folate biosynthesis.

As we had a relatively small sample size, we analyzed a 
larger, independent dataset [18] from the HMP2 (https://​
www.​ibdmdb.​org/) to consolidate our findings. There are 
no published metatranscriptome datasets for pouchi-
tis. This HMP2 dataset contains metatranscriptomes 
from UC patients (n = 53) and individuals without UC 
(n = 53). While the microbiome of patients with UC and 
pouchitis might differ due to modified anatomy after 
IPAA, the foundational pathology of pouchitis is rooted 
in UC [27, 28]. Thus, their microbiomes, while distinct, 
should share more similarities with each other than with 
a healthy state. In total, 5128 genes were differentially 
expressed between non-UC and UC, of which 4495 genes 
were upregulated in non-UC, while only 633 were down-
regulated. Genus Alistipes contributed to most of the 
upregulated genes (3240), followed by Bacteroides (110), 
Faecalibacterium (29), Ruminococcus (27), Barnesiella 
(26), and Clostridium (24). KEGG pathways and mod-
ules including biosynthesis of cofactors, biosynthesis of 
amino acids, ribosome, fatty acid biosynthesis, trypto-
phan biosynthesis, various vitamin B complex (folate, 
biotin, pantothenate, nicotinate, thiamine, riboflavin, 
pyridoxine) biosynthesis, and metabolism were upregu-
lated in non-UC (Table S1 sheet 9, Figure S7B, Figure 
S8B). Alistipes, Bacteroides, and Ruminococcus were the 
main contributors to the upregulation of these path-
ways in the community. The activity alterations between 
non-UC and UC communities were highly similar to the 
changes that we found in our pouchitis dataset. In fact, 
81% of the enriched KEGG pathways and 54% of the 
enriched KEGG modules were shared between the analy-
ses of the pouchitis and UC metatranscriptomes (Figures 
S7  and 8 ). Interestingly, the microbial members driving 
those activity changes were very different. This analysis 
confirms the soundness of our results and allowed us to 
do more in depth analyses.

Gene expression changes in synthesis of butyrate, B 
vitamins and metabolism of bile acids, and tryptophan
Since KEGG pathways and modules are rather broad 
categories, we manually analyzed functions known to be 
important for health in the gut microbiota. These include 
pathways for the biosynthesis of butyrate, vitamin B12 
(cobalamin), vitamin B6 (pyridoxine), and metabolism of 
bile acids, tryptophan in more depth. Among them, B12 
biosynthesis had already been identified as a significantly 
upregulated function in the KEGG module enrichment 
analysis described above.

We identified 1799 expressed butyrate biosynthe-
sis genes in the total metatranscriptome, belonging to 
28 ortholog butyrate biosynthesis genes that could be 
assigned to four different pathways (Figure S9). Among 
those expressed butyrate biosynthesis genes, 34 were 

https://www.ibdmdb.org/
https://www.ibdmdb.org/
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differentially expressed between health and pouchi-
tis, and they belong to nine ortholog genes (Figure S10, 
Table S1 sheet 10). Notably, all of them were massively 
downregulated in pouchitis with an average fold change 
of more than 100. Those DE butyrate biosynthesis genes 
were from Blautia, Eubacterium, Faecalibacterium, and 
Roseburia (Figure S10, Table S1 sheet 10). Using Fisher’s 
exact test, we found that the butyrate biosynthesis genes 
were strongly enriched among all differentially expressed 

genes (p = 2.123e-05, enrichment ratio 2.285 (95% CI: 
1.576, 3.209).

Bile acids metabolism was represented through 638 
genes which were expressed in the communities. Among 
them, ten genes were differentially regulated between 
health and pouchitis (Figure S11, Table S1 sheet 11). 
They were downregulated in patients before treatment 
with an average fold change over 150. Interestingly, only 
orthologues of cbh and baiN were comprised. There was 

Fig. 4  The microbial players driving the activity alterations in pouchitis. Circos plot showing KEGG pathways that were significantly enriched 
in healthy donors compared to pouchitis patients before medical intervention and the microbial taxa contributing to these pathways. The arcs 
on the left represent the microbial taxa grouped to genus level, and arcs on the right show the pathways. The width of the links between them 
indicates the number of differentially expressed KEGG ortholog (KO) genes from each taxon for a given pathway, and the color of the link matches 
the color of the microbial genus. The histogram below the pathway arcs shows the log2FC of the median of KO gene expression between health 
and pouchitis. For each pathway, only differentially regulated genes are shown. “Unknown” refers to differentially expressed genes that could not be 
assigned to a microbial genus
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no differential regulation of any of the genes involved 
in the formation of secondary bile acids (baiA-I). The 
DE cbh genes originated mainly from Alistipes and Col-
linsella, whereas baiN originated from Blautia and 
Faecalibacterium.

For vitamin B12 biosynthesis, we identified 4874 
expressed genes. Of those, 40 were differentially 
expressed between health and pouchitis, and all of them 
were upregulated in health with an average fold change 
around 200 (Figure S12, Table S1 sheet 12). The genera 
contributing most transcripts to vitamin B12 biosynthe-
sis were Alistipes, Anaerobutyricum, Bifidobacterium, 
Blautia, and Parabacteroides.

For vitamin B6 biosynthesis, we identified 1249 
expressed genes in the total metatranscriptome, of which 
11 genes were differentially regulated between health 
and pouchitis, and all of them were upregulated in health 
with an average fold change above 200 (Figure S13, Table 
S1 sheet 13). Those differentially regulated genes were 
mainly derived from Alistipes, Bifidobacterium, and 
Blautia.

Tryptophan metabolism was represented by 1168 
expressed genes in the dataset, of which 16 genes were 
differentially expressed. However, only tryptophanase of 
Alistipes, a documented producer of indole from trypto-
phan can be assumed to be crucial for tryptophan metab-
olism (Figure S14, Table S1 sheet 14) [29].

Engraftment of essential functions during FMT
Next, we asked how these 6832 DE genes between donors 
and pouchitis (see above) were expressed in patients over 
the complete FMT treatment. The heatmap of Figure S15 
shows the expression of those genes clustered according 
to genus in all samples, and the barplot on the top sum-
marizes the relative expression in all genera. The short-
term engraftment of the DE genes in all patients after 
FMT can clearly be seen, as well as their loss 4 weeks after 
FMT (barplot on the top of Figure S15). An exception 
was the second FMT for patient DW, where the activity 
of the donor microbiota was not substantially engrafted 
in the patient. A third FMT for this patient using a dif-
ferent donor indeed resulted in clear engraftment of the 
activity represented by the DE genes for a short time.

We then analyzed the expression of DE genes in par-
ticular functions including synthesis of butyrate (Figure 
S10), metabolism of bile acids (Figure S12), synthesis 
of vitamins B12 (Figure S12) and B6 (Figure S13), and 
metabolism of tryptophan (Figure S14) (see above) in the 
samples from the patients during FMT. The expression 
levels of these genes were temporarily restored by the 
FMT but got lost again at the later time points. Particu-
larly, the overall expression level of all butyrate biosyn-
thesis genes also showed a clear engraftment (Fig. 5). The 

most important genus expressing butyrate biosynthesis 
genes was Faecalibacterium followed by genera Clostrid-
ium, Eubacterium, and Ruminococcus (Fig.  5, right-side 
barplot). After each FMT (except FMT2 for patient 
DW), the expression of those butyrate biosynthesis genes 
increased and then went back to a low expression level 
around 1  month after the FMT (Fig.  5). Notably, the 
first FMT for DW led to only a transient increase in the 
expression of those genes (Fig.  2A). The FMT2 resulted 
in increased expression of butyrate synthesis genes, but 
the overall metatranscriptome profile still diverged from 
the donors, and the FC level persisted at a high value. In 
contrast, the third FMT with a different donor effectively 
elevated the expression of butyrate synthesis genes for 
1  month, accompanied by a significant reduction in FC 
concentration. The overall expression levels of all genes 
involved in tryptophan metabolism had similar pat-
terns as the butyrate biosynthesis genes, except that the 
last sample of patient JM had a high expression level of 
tryptophan metabolism genes (Figure S16). Among those 
genes, only a DE gene encoding tryptophanase (tnaA) 
was crucial for tryptophan metabolism and engrafted 
in CG after the second FMT (CG_2_1) and in DW after 
the third FMT (DW_3_7) (Figure S14, Table S1 sheet 14). 
The top genus contributing to the alteration of metabo-
lism of tryptophan was Alistipes. However, the overall 
expression of genes involved in the metabolism of bile 
acids, and biosynthesis of vitamins B12 and B6, did not 
show such a pattern during FMT.

Activity of Faecalibacterium prausnitzii during FMT
Since F. prausnitzii was shown to be the most active 
microbe contributing to the alterations of butyrate bio-
synthesis activity between health and pouchitis and 
because of its documented importance for a healthy 
gut, we analyzed its activity in more depth. As it was 
shown above, the overall abundance of transcripts from 
F. prausnitzii was higher in donors than in pouchitis, 
and it was especially high in donor DKS (Figure S2). 
We then extracted all the reads belonging to F. praus-
nitzii and grouped them to 2154 eggNOG genes and 
20 Clusters of Orthologous Groups (COG) categories. 
EggNOG is a hierarchical, functionally and phyloge-
netically annotated orthology resource [30], and the 
IGC reference gene database contains eggNOG anno-
tation as well as COG categories. The COG category 
composition did not demonstrate a clear pattern across 
the samples (Figure S17). We then analyzed the expres-
sion of eggNOG genes of F. prausnitzii represented by 
the median of centered log-ratio (CLR) transformation 
for the read counts (Fig. 6A). Due to the fact that tran-
scriptome sequencing data are compositional, and the 
sequencing depth is variable across samples, we could 
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not simply normalize the read counts of genes with 
cell numbers to reflect the true mRNA/cell values [31]. 
Therefore, we need a library size normalization method 
which accounts for the compositional property of tran-
scriptome data. CLR transformation is formally like 
effective library size normalization and delivers mean-
ingful values for abundance and expression comparison 
[32, 33]. The median of the CLR values of a given gene 
in donors and pouchitis was used to determine the fold 
change of the expression of that gene. The results showed 

that F. prausnitzii had different activities in donor and 
pouchitis. The most strongly upregulated genes in donor 
were transporters and membrane proteins, and the most 
downregulated genes were involved in nucleotide metab-
olism, amino acid metabolism, capsular polysaccharide 
biosynthesis, toxin-antitoxin system, and restriction 
modification system. There were eight eggNOG genes 
involved in butyrate biosynthesis in total, and they were 
all higher expressed with seven to 27-fold in terms of the 
median CLR value in donor (Table S1 sheet 15). Mapping 

Fig. 5  Expression of butyrate synthesis genes during FMT in different taxa. Each cell in the heatmap displays the Z-score transformed relative 
expression of butyrate synthesis genes within a specific genus for a given sample. The barplot on the top shows the sum of the relative expression 
of all butyrate synthesis genes for each sample. The right bar illustrates the total number of expressed butyrate biosynthesis genes for this genus 
across all samples. The genera are sorted based on the number of contributing genes, from the most to the least. The blue triangle on the top 
of column annotation bar indicates the first time point after each FMT. The column annotation bars are the same as in Fig. 1
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the individual genes back to pathways suggested that 
butyrate biosynthesis was mainly contributed by acetyl-
CoA pathway. All genes involved in the acetyl-CoA 
pathway were expressed in F. prausnitzii, and they were 
upregulated in donor compared to pouchitis (Fig.  6B). 
Gene Thl and But were much higher expressed in donor 
DSS compared to donor DKS, while Cro gene was much 
more active in DKS. One to 7 days after FMT, the relative 
expression levels of the acetyl-CoA pathway genes were 
increased drastically in patient’s microbiome (Fig.  6B). 
We observed that when F. prausnitzii was less active in 
terms of the total transcript abundance, its butyrate 
biosynthesis genes tended to be much lower expressed 
relative to all other genes. This might be because F. praus-
nitzii needs to produce butyrate to thrive. In the HMP2 
UC and non-UC dataset, F. prausnitzii was not as active 
as that in our FMT donor samples, and no substantial 
differences of the butyrate biosynthesis gene expression 
between non-UC and UC were observed.

Methods
Sample collection
Stool samples were obtained during a clinical study on 
FMT for patients suffering from antibiotic-resistant 
pouchitis [14]. We followed the metatranscriptomes 
during the whole treatment process from three patients 
that experienced clinical remission and had a complete 
record. Clinical data and FMT treatment results from 
these patients CG, DW, and JM were initially reported 
in [14]. It is important to note that patient DW under-
went three FMTs, while both CG and JM received two. 
The 2016 publication only describes the first of the two 
FMTs received by patient JM. Additionally, in contrast to 
the data presented in the 2016 table, patient CG under-
went two FMTs instead of the stated three. The patient 
samples were named with a format as follows: < patient 
ID > _ < no. FMT > _ < days since this FMT > . Donor sam-
ples were named as follows: < recipient patient ID > _
FMT < no. FMT > . The FC levels were measured before 

the treatment and after each FMT, as well as 4–6 months 
after the last FMT to confirm the long-term efficacy of 
the treatment. A calprotectin level above 200 μg/g indi-
cates an inflammatory condition of the patient. There-
fore, an improvement in the patient’s condition is defined 
by a substantial drop in the FC level from well above 
200 μg/g to a level below this threshold. The final remis-
sion after the last FMT was characterized by a PDAI 
score below seven (Table S1 sheet 1).

RNA extraction and sequencing
RNA was extracted according to [34] using the PowerMi-
crobiome RNA Isolation Kit (MoBio). A Ribo-Zero Gold 
rRNA Removal Kit (Epidemiology) (Illumina, USA) was 
then used for rRNA depletion with ethanol precipitation 
according to the manufacturer’s instructions. Paired-
end mRNA Illumina sequencing libraries were created 
by a ScriptSeq kit (Illumina). The HiSeq 2500 sequencer 
platform was used to generate strand-specific 2 × 110 bp 
paired-end sequencing reads.

Quality control and preprocessing of the sequencing reads
Primers and sequencing adapters were trimmed from 
raw sequencing data, followed by clipping the low-qual-
ity bases with score < 20 from 5′ and 3′ ends of the reads 
using Fastq-Mcf (https://​github.​com/​Expre​ssion​Analy​
sis/​ea-​utils) [35]. After clipping, the reads containing 
less than 50 nucleotides were removed. rRNA reads were 
eliminated using SortMeRNA v2.0 [36] with the default 
parameter settings. The human reads were removed by 
assigning reads against human reference using Kraken.

Reference database construction
The IGC database provides a comprehensive gene catalog 
for the human gut microbiota [23]. This nonredundant 
gene set has been functionally and taxonomically anno-
tated which provides a great overview of the taxonomic 
and functional diversity of the human gut microbiota 
with high resolution. Moreover, this database allows 

(See figure on next page.)
Fig. 6  Activity alterations of Faecalibacterium prausnitzii during FMT. A Gene expression profiles of F. prausnitzii in health and disease (eggNOG 
genes). B The gene expression changes of acetyl-CoA pathway for butyrate biosynthesis in Faecalibacterium prausnitzii. In A, the circos plot is based 
on all expressed genes assigned to F. prausnitzii which were then grouped to eggNOG genes according to the ortholog annotation. Rings show 
(from outside to inside) the following: #2 all eggNOG genes; #3 butyrate synthesis genes (green arrow), genes involved in tryptophan metabolism 
(red arrow), the other genes that are involved in secondary bile acids metabolism, vitamins B1 (thiamine), B3 (nicotinate), B5 (pantothenate), 
B6 (pyridoxine), B7 (biotin), B9 (folate), and B12 (cobalamin) biosynthesis, are marked with bars in distinct colors; #4 log2 fold change of gene 
expression between health (donors) and pouchitis (patients before treatment); #5 expression level of genes in pouchitis (patients before treatment); 
and #6 expression level of genes in health (donors). For B, only patient’s samples before FMT, 1 week, and the last timepoint after each FMT 
were included. The colored box with gene names in the pathway shows the log2FC between donors and pouchitis. Red indicates the strongest 
upregulation in donor in comparison to pouchitis. The barplot illustrates the expression level of each gene during the treatment process. The height 
and color of the bar indicate the relative expression level (number of reads from that gene normalized by number of total reads from F. prausnitzii) 
of the gene. The blue arrow at the top of the barplot marks the first timepoint after each FMT

https://github.com/ExpressionAnalysis/ea-utils
https://github.com/ExpressionAnalysis/ea-utils
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Fig. 6  (See legend on previous page.)
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us to profile the taxonomy and function of human gut 
metatranscriptomic data. Using IGC as reference data-
base, we could assign 86.71% of all putative microbial 
mRNA reads with BWA-MEM [24]. To further improve 
the mapping rate, a reference gene catalog named 
IGC59G was constructed. The pipeline for the construc-
tion of IGC59G is depicted in Figure  S1A. Before map-
ping the reads against IGC, the quality-controlled reads 
were taxonomically assigned using Kraken onto a data-
base that we called Kraken-BVAHPF which contains all 
bacteria, archaea, viruses, plasmids, fungi, and human 
genomes from NCBI RefSeq database. By using Kraken, 
only 43.82% of all quality-controlled reads could be clas-
sified, of which 3.78% originated from the human hosts 
and were removed. Interestingly, among the reads which 
were not mapped to the IGC database, 54.33% could be 
classified by Kraken using Kraken-BVAHPF. Therefore, 
a more comprehensive database was built based on the 
IGC database and the Kraken database. To do so, in 
the Kraken database, the representative genomes of the 
species which had more than 100,000 IGC unmapped 
reads assigned in any sample were extracted. In total, 
there were 59 genomes. The coding sequences (CDS) of 
those 59 genomes were then clustered with an identity 
at 0.95 and coverage at 0.9 using Roary [37] and CD-hit 
[38]. The resulting nonredundant genes were mapped 
against ICG genes using BLASTN to exclude the redun-
dant genes from 59 genomes. The genes mapped onto 
any of the sequence in ICG with an identity > 95% and 
coverage > 90% were eliminated. Finally, in total, 60,658 
unmapped genes from those 59 genomes were added 
into the ICG database to constitute the final gene catalog 
IGC59G. Using this improved database and short-read 
aligner BWA-MEM, 87.91% of nonhuman reads could 
be assigned. This represents an overall improvement by 
1.2% compared with the original IGC database, but in 
some samples, the improvement was much larger, par-
ticularly for CG_2_92, DW_1_-1, DW_1_27 which had 
an increase of the alignment rate over 10%.

Taxonomy assignment and functional annotation 
of reference genes
Since the annotation of the IGC database was several 
years ago, the NCBI RefSeq database has been expand-
ing. Moreover, the original taxonomy information of IGC 
does not include species level. Therefore, we performed 
a taxonomy assignment for the IGC59G database using 
centrifuge [25]. Human, bacteria, archaea, viruses, and 
fungi genomes were downloaded from NCBI RefSeq on 
March 18, 2020, and used for updating the missing tax-
onomy information and assigning the species for each 
reference gene sequence. Centrifuge can be used to 
assign taxonomy information with high accuracy for both 

short reads and long sequences. Hits with score >  = 200 
and hitLength/queryLength >  = 0.2 were taken into 
account. In order to investigate the expression of butyrate 
biosynthesis genes, the reference genes were annotated 
using DIAMOND [39] (parameters: –id 60 -e 1e-9 –
query-cover 70). The sequences and annotation infor-
mation of butyrate biosynthesis genes were downloaded 
from a previous work [40] that collected 2766 butyrate 
biosynthesis genes from 149 species derived from the 
human microbiome. Those genes belong to 28 ortholog 
genes and four pathways. The eggNOG, KEGG annota-
tion for the additional genes in IGC59G was performed 
using DIAMOND based on the eggNOG and KEGG pro-
tein databases with the same criteria utilized for butyrate 
biosynthesis gene annotation.

To compute the gene expression profile, the nonhuman 
reads were mapped against the reference gene database. 
The taxonomic composition of the metatranscriptome 
was determined based on the taxonomy information 
of each gene in the reference database (Figure  S1B). 
PRIMER-ANOVA + was employed to perform the analy-
ses of dominance, diversity, Bray–Curtis similarity, and 
PCoA [41] (Figure S1B). Sample DW_2_1, JM_1_14 and 
JM_2_20 were excluded from the PCoA since they had 
less than 10 million mapped reads. The communities 
with Bray–Curtis similarity above 55% were considered 
as similar.

Calculation of differential expression and KEGG pathway 
analysis
To identify differentially expressed genes between donors 
and pouchitis, a differential expression (DE) analy-
sis was performed using ALDEX2 based on the read 
counts. ALDEX2 [42] is an ANOVA-like tool for high-
throughput sequencing data including transcriptome and 
metatranscriptome data. ALDEX2 performs statistical 
test on CLR transformed read count to identify differ-
entially expressed genes between conditions. Only genes 
which had an average read count above one were con-
sidered. The R package edgeR [43] was additionally used 
for DE analysis to confirm the robustness of results com-
puted by ALDEX2. Both ALDEX2 and edgeR are well-
suited for analyses involving data sets of relatively modest 
sample sizes. Interestingly, edgeR detected ten times 
more DE genes compared with ALDEX2, while ~ 90% of 
DE genes predicted by ALDEX2 were also identified by 
edgeR. Therefore, in the downstream analysis, we used 
the results from ALDEX2 which are apparently more rig-
orous. For our FMT dataset, the genes with FDR <  = 0.05 
(false discovery rate: Benjamini–Hochberg corrected 
p-value of Wilcoxon test) were considered as significantly 
differentially expressed. Since the HMP2 dataset has 
much larger sample size, we used a more stringent FDR 
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cutoff of 0.01. The R package ClusterProfiler was used 
for KEGG pathway enrichment analysis. Only pathways 
or modules with FDR <  = 0.05 were considered as signifi-
cantly enriched. To analyze the eggNOG gene expression 
of F. prausnitzii in donors and pouchitis (Fig.  6A), we 
performed a CLR transformation on the read counts as 
follows:

Where xi is the read count of gene i and g(x) is the geo-
metric mean of all genes.

Discussion
The gut microbiome of healthy humans is stable in the 
long term, responds rapidly but usually transiently to 
changes in environmental conditions (e.g., food, life style, 
medical intervention) [44], and is so characteristic that 
it can be used to fingerprint the host [45]. Pathogenic 
conditions result in characteristic shifts in relative abun-
dance of taxa [46]. Maintaining a healthy gut microbiota 
might therefore prevent or even cure various diseases 
and malfunctions, including obesity, chronic inflamma-
tory bowel disease, rheumatoid arthritis, colorectal can-
cer, and neurological diseases [47, 48]. Modifying the gut 
microbiome composition by dietary intervention, probi-
otics, or FMT is therefore of huge interest. In the case of 
FMT, a highly diverse, complex microbiota is transferred 
into a host who at the time of intervention carries a dys-
biotic gut microbial community which nonetheless might 
have developed into a stable, resilient state [44, 49].

Here, we provide the first time-resolved longitudi-
nal case study of stool microbiota of healthy donors 
and pouchitis patients before and during FMT using 
metatranscriptome analysis. For this clinical indication, 
large cohort studies are not yet available, with only a 
handful of clinical trials currently underway. Our study 
first compared the metatranscriptomes of pre-FMT 
patients and healthy donors. We then tailored our exami-
nation on post-FMT activity alterations, focusing on 
each patient individually due to their distinct responses 
to treatment. This approach accurately captured the 
unique patient responses to FMTs, meanwhile character-
ized common patterns and trends across all patients. In 
contrast to metagenome studies, we observed the actual 
activity of the microorganisms, rather than their genetic 
potential. Metatranscriptomes not only close the gap 
between genomic potential and actual activity but also 
they allow to focus on key genes and functions and the 
underlying microbial players. For example, in colorectal 
cancer, the tumor promoting roles of colibactin-produc-
ing E. coli, enterotoxigenic Bacteroides fragilis, and Fuso-
bacterium nucleatum can be pinned down to a handful of 

CLR(x) = log
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specific genes which are only found in some strains of the 
species [50].

Our data show a striking engraftment of donor micro-
bial activity in patients directly after FMT. PCoA and the 
clustering based on gene expression profile showed that 
patient microbiota activity directly after FMT was indis-
tinguishable from that of the respective donor (except 
for DW after FMT2), i.e., they resembled donor DKS if 
that had provided the microbiota and donor DSS if that 
was used. Moreover, pathways or functional modules that 
were shown to be highly expressed in donors but weakly 
expressed in pouchitis patients before treatment (e.g., 
synthesis of butyrate, amino acids, cofactors, vitamin B 
complex) were highly expressed in the first 1 to 2 weeks 
after FMT. We found a notable association between FC 
levels and activity engraftment post-FMT. Specifically, 
higher FC levels tend to occur when the recipient’s activ-
ity profile diverges from the donors.

We identified the genera that drove the difference 
between health and pouchitis, namely Parabacteroides, 
Bifidobacterium, Blautia, Alistipes, Faecalibacterium, 
Eggerthella, Bacteroides, Roseburia, Collinsella, and 
Eubacterium. They were among the 25 most active gen-
era in our metatranscriptomes, except for Eggerthella. 
Eggerthella lenta has been shown to be able to inactivate 
the cardiac drug digoxigenin in the gut by expressing a 
specific operon [51]. It also plays an important role in 
metabolizing lignin and plant-derived metabolites in the 
gut [52]. On the other hand, E. lenta is an emerging path-
ogen and can cause bloodstream infections [53, 54] and 
was correlated with rheumatoid arthritis [55]. Because 
the genus Eggerthella was an important driver of activ-
ity alterations between health and pouchitis, it might be 
a useful component in probiotics of defined composi-
tion. However, the selection of the species and the strain 
within the species are of utmost importance [56].

Our data show specific engraftment of donor micro-
biota directly after FMT, so we asked if DKS was a supe-
rior donor compared to DSS or the other way around. A 
study on FMT for patients with ulcerative colitis found 
that seven of the nine patients that entered remission 
had received FMT from the same donor [57], which was 
therefore assumed to be a super donor [58]. Our data 
show that two patients did not respond well to the FMT 
from donor DKS, but their FC levels decreased drasti-
cally after FMT with donor DSS. Another potential prob-
lem with DKS is that its community contained HCMV 
sequences. HCMV was also active in patient JM before 
the second FMT. HCMV is a double-stranded DNA virus, 
and most adults have been infected by HCMV in their 
life [59]. It remains latent in lymphocytes in the body 
throughout life with few genes being transcribed after 
initial infection and becomes reactive when the host’s 
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immunity is suppressed. In the HCMV-positive samples 
from donor DKS and patient JM, all HCMV genes were 
active (Table S1 sheet 6) suggesting a suppressed immu-
nity of the host at the sampling time.

F. prausnitzii is an obligate anaerobe from the Rumi-
nococcaceae that comprises about 5% of the total healthy 
colon microbiota [60], ranging from 0.96% in newborns 
to 7.6% in adults [61]. Decreased abundance of F. praus-
nitzii has been found in ulcerative colitis [62] and Crohn’s 
disease [63]. F. prausnitzii is able to suppress inflamma-
tory responses [64], and it produces the short-chain fatty 
acid butyrate which supports the integrity of the intes-
tinal mucosa [65]. It is therefore a strong candidate for 
intervention by dietary modifications, probiotics, and 
fecal microbiota transfer (FMT) [66, 67]. F. prausnitzii 
was much more active in the healthy donors compared to 
pouchitis patients in terms of total transcript abundance, 
and it was especially active in donor DKS. Moreover, F. 
prausnitzii manifested different activity in health and 
pouchitis. The expression levels of eight eggNOG genes 
involved in butyrate synthesis mainly via the acetyl-CoA 
pathway were low in pouchitis and elevated immediately 
after each FMT. The clinical outcome represented by 
FC level seems to correlate with the engraftment of the 
butyrate synthesis activity. F. prausnitzii cannot thrive 
in the presence of oxygen since it is an obligate anaer-
obe [68]. Large changes in ambient oxygen levels along 
the intestine have a major influence on the survival of 
obligate anaerobes and their fermentation ability [69]. 
Increased oxygen levels in the gut have been suggested 
to cause dysbiosis typical of inflammatory bowel disease 
[70, 71].

In health, genes including baiN and cbh which were 
previously assumed to be involved in secondary bile acids 
formation were upregulated in Blautia, Faecalibacterium, 
Alistipes, and Collinsella. In fact, the enzymes involved in 
the formation of secondary bile acids have only recently 
been identified [72], and in contrast to previous assump-
tions, baiN identified in Lachnoclostridium scindens as 
encoding a 3-dehydro-bile acid Δ(4,6)-reductase [73] is 
obviously not involved in the formation of secondary bile 
acids. Accordingly, various bacteria have been observed 
to encode genes similar to baiN without the presence of 
baiA-I genes indicating a different baiN function. Pre-
vious analysis of the bile acids profile in inflammatory 
bowel disease has observed a significant increase in the 
level of conjugated bile acids compared to healthy indi-
viduals indicating a lowered deconjugation activity in 
disease [74] which is consistent with the lowered cbh 
expression observed here in pouchitis.

Remission required repeated FMTs. At the clinical 
endpoint, the engraftment of donor communities dif-
fered among the three patients. In patient DW, the 

community activity profile at the last sampling point 
was similar to that of the healthy donor. In the other two 
patients, which were both described as being in stable 
remission [14], the final communities differed from the 
pre-treatment condition as well as from the donor com-
munities. Similar findings were reported in an analysis 
of long-term engraftment of FMT capsules as therapy 
for CDI, where all 18 patients were in stable remission, 
but engraftment of donor microbiota was only observed 
in 61% [75]. It is possible that the stool microbiota of the 
patients were still not stable [76]. Since we had no sample 
from the patients back in the healthy state, we could not 
determine if their stool community activity was evolving 
towards their original individual state. Remission could 
restore also the eating habits of the patients, which may 
alter their gut microbiome [77].

In the long run, probiotics consisting of well-charac-
terized strains should be used rather than FMT to avoid 
the costly screening of donors and the risk of transferring 
unwanted genetic traits. The findings from our study can 
inform the design of probiotics. A healthy stool micro-
biota is characterized by high diversity and owes its resil-
ience to the fact that the synthesis of essential functions 
is not delegated to a single species, and thus at risk, but 
provided by a consortium of species with different adap-
tations and ecological niches (insurance theory) [3, 18, 
44, 49]. Accordingly, when we analyzed the contribution 
of the abundant microbial taxa to the activity alterations 
of KEGG pathways in pouchitis compared to health, we 
found that multiple genera contributed to each of the 
activity alterations investigated. The traditional method 
of searching for a single species expressing the desired 
trait most strongly under laboratory conditions does not 
account for this complexity. Providing multispecies pro-
biotics with large Shannon diversity rather than high-
performance single strains might increase the chance of 
engraftment.

Because of our small sample size, we sought additional 
evidence regarding activity alterations in pouchitis and 
related conditions. To this end, we compared the dysbi-
otic microbiome activity profiles of UC patients (n = 53) 
with those of healthy controls (n = 53) from the HMP2 
project. Patients with pouchitis after IPAA surgery have 
an altered anatomy compared to UC patients and healthy 
individuals. However, the fundamental pathology of 
pouchitis is rooted in UC, often being considered as a 
“recurrence of UC” within the pouch ileal mucosa [27]. 
Despite some distinctions, pouchitis and UC exhibit sub-
stantial overlap in their clinical and pathological features 
[28]. This close pathological linkage suggests that the 
stool microbiomes of pouchitis and UC patients, while 
distinct, should share more similarities with each other 
than with those of healthy individuals. Interestingly, 
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similar activity alterations that we observed for pouchitis 
patients was found in the HMP2 dataset for UC patients, 
but the main taxa that contributed to these changes 
were different. An increasing number of studies under-
score the intricate relationship between the taxonomic 
composition, functional potential, and actual functional 
activity of microbial communities. An analysis of oral 
and stool microbiota from different subjects highlighted 
that metatranscriptional profiles are markedly individ-
ual specific, with their variability falling between that of 
DNA-level functional profiles and microbial composi-
tion [78]. Subsequent study delving into the gut micro-
biota of IBD patients noted a general alignment between 
functional potential and metatranscriptome expression 
yet revealed that certain taxa display a weak correlation 
between their DNA and RNA abundances [18]. Another 
work on human fecal microbiota delineated pathways 
into “core” and “variable” subsets based on their preva-
lence in metatranscriptomes, revealing that the “core” 
pathways are often transcribed by different microorgan-
isms [79]. Our previous investigation on vaginal micro-
biota suggested that despite taxonomic variability, the 
overall activity profiles remained remarkably congruent 
across subjects in bacterial vaginosis [80]. We hypoth-
esize that under similar environmental and host condi-
tions, the communities can manifest similar expression 
patterns for “core” functions, even when their taxonomy 
structures differ. This phenomenon can be attributed to 
the inherent redundancy in the genetic potential of most 
microbial species. Schirmer and co-workers also revealed 
that disease-related changes in the gut environment 
can affect microbial expression across different organ-
isms and pathways sometimes without altering func-
tional potential [18]. Similarly, a mouse study observed 
that host genetic shifts could change gut microbial gene 
expression without significant taxonomic alterations [81]. 
This may be because microbial gene expression tends to 
adapt rapidly to host condition changes, often preceding 
alterations in functional potential and taxonomic struc-
ture. Therefore, the metatranscriptome offers a prompt 
and holistic insight into disease-associated microbial 
shifts, capturing signals that metagenomic analyses 
might overlook.

In our study, it was not realistic to obtain metatran-
scriptomes from control patients that underwent pla-
cebo FMT. However, we observed a correlation between 
metatranscriptome engraftment and clinical outcome 
for patient DW who was treated by stool preparations 
from two different donors. The initial FMT treatment 
(donor DKS) was not effective, as evidenced by the lack 
of a significant decrease in FC level (FC > 200 after FMT1, 
Fig.  2A). This lack of efficacy was corroborated by the 
metatranscriptome data, which showed diverging activity 

composition in the PCoA (Figs.  2B and    3) and lack of 
expression of butyrate biosynthesis genes (Fig.  5). Sub-
sequent FMT treatment with the same donor also failed 
to align the patient’s activity profile with the donors. 
The patient was then treated by a different donor (DSS) 
which resulted in a very low FC level 4 weeks after FMT3 
(Fig.  2A). The activity profile on day 30 post-FMT3 
resembled that of the donor (Figs. 2B and 3), and butyrate 
biosynthesis gene expression was relatively high (Fig. 5). 
A recent study examining the efficacy of FMT treatment 
in CDI patients based on strain-resolved metagenomic 
analysis of stool microbiota underscored that success-
ful FMT recipients displayed significantly higher donor 
strain engraftment than those with failed FMT [82]. 
Complementing this finding, our data for patient DW 
revealed a similar pattern of activity engraftment during 
FMT. These observations suggest that donor engraftment 
on the metatranscriptomic level might be important for 
the success of FMT. However, the same initial donor 
worked well for patient JM. Also, we cannot exclude 
factors other than the change of donors that caused the 
FMT success in patient DW.

As of 2019, only three clinical studies had examined the 
effectiveness of FMT [83]. While two reported either no 
notable improvements or only a mild alleviation of symp-
toms, Stallmach et  al. [14] observed that 80% patients 
(4/5) experienced over 3 months remission after repeated 
endoscopic FMTs using different donors. Choice of 
donors, FMT method, and frequency of FMT are among 
the reasons discussed for these differences [12, 84]. The 
subsequent first randomized proof-of-concept study 
applied an initial endoscopic FMT followed by daily stool 
capsules from the same donor for 2 weeks, but only one 
of six patients achieved antibiotic-free clinical remission 
[11]. The second randomized double-blind study in 2021 
found similar outcomes for the placebo FMTs and treat-
ment FMTs [17]. Today, taking nine studies into account, 
no definite conclusion can yet be reached [85], but it is 
premature to dismiss FMT as a treatment for antibiotic-
resistant pouchitis. FMT has proven robust for rCDI [86]. 
However, the etiologies of pouchitis and UC are much 
more complex, involving host genetics, environmental 
factors, the patient’s healthy microbiome, and—in the 
case of pouchitis—surgery [87]. And the dysbiosis in the 
microbiome is not well understood due to the reliance on 
the 16S rRNA marker gene, which provides limited func-
tional information [88]. The key challenge may be iden-
tifying an “ideal” donor for pouchitis, or perhaps even 
an ideal donor for pouchitis in a specific patient, making 
this treatment an option for personalized medicine. The 
randomized clinical studies reported above understand-
ably used a single donor to reduce complexity. Our study 
is the first to examine engraftment of different donors at 



Page 18 of 21Deng et al. Microbiome          (2023) 11:269 

the metatranscriptomic level in FMT, highlighting the 
importance of donor selection.

The findings in this study have been obtained using a 
rigorous statistical approach, but conclusions should 
be interpreted with caution due to the nature of a case 
study, namely a small sample size and many potentially 
confounding factors that could not be taken into account. 
However, they set a foundation for future larger cohort 
studies to enable a more comprehensive understanding of 
key microbial players and associated activities that con-
tribute to clinical success in FMT for pouchitis.

Conclusions
Our study demonstrated a clear although short-lived 
engraftment of the activity of donor gut microbiota in 
patients with pouchitis after each FMT. Activity changes 
for key functions like biosynthesis of amino acids, cofac-
tors, B vitamins, and butyrate were driven by several 
taxa, of which some have already been shown to have 
probiotic potential. The engraftment of butyrate biosyn-
thesis activity from F. prausnitzii was well correlated with 
the patient’s inflammation status. The results suggest that 
repeated FMTs trigger a shift of the pouchitis microbiota 
towards a healthy state. In the future, probiotics with 
high taxonomic diversity consisting of numerous well-
characterized strains should be used rather than FMT to 
avoid the costly screening of donors and the risk of trans-
ferring unwanted genetic material.

Abbreviations
FMT	� Fecal microbiota transplantation
CDI	� Clostridioides difficile Infection
IBD	� Inflammatory bowel disease
UC	� Ulcerative colitis
IPAA	� Ileal pouch-annal anastomosis
ABT	� Antibiotic treatment
PCoA	� Principal coordinates analysis
DE	� Differential expression/expressed
CLR	� Centered log ratio
IGC	� Integrated gene catalog
HCMV	� Human cytomegalovirus

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40168-​023-​01713-9.
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scriptome data analysis workflows. (A) The construction of the gene 
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bacteria, viruses, archaea, human, plasmids and fungi. (B) The metatran‑
scriptome data analysis workflow. Fig. S2. Taxonomic composition of the 
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patient CG (A), DW (B) and JM (C). The top 12 most active genera for each 
patient are shown. Those genera contributed over 90% of taxonomically 
assigned reads. Relative abundance was normalized by the total number 
of mapped reads for each sample. The portion of the bar which was left 
blank represents genera with an average abundance <1% and unknown 

taxa. For the species level, only the top 17 species with highest average 
transcript abundance are shown. Fig. S3. Composition of communities 
of patients CG, DW and JM based on 16S rRNA gene sequencing (genus 
level). Fig. S4. Cumulative rank abundance curve on the level of genus 
for patient CG (A), DW (B), JM (C) and their respective donors. Fig. S5. 
The relative abundance of cytomegalovirus reads in patient DW, JM and 
donors. Fig. S6. The temporal dynamics of communities visualized with 
PCoA based on gene expression profiles. The trajectory lines connect 
samples across the time points of the different FMT treatments. The start 
of each FMT is indicated in italics and colored using “sample FMT” color 
code. In the“sample status” legend, the shape depicts different samples 
and color indicates the status. The donor sample used by each FMT is 
marked and colored in green. ABT, antibiotic treatment. The top 200,000 
expressed genes which accounted for 92% of total mapped reads were 
taken into account. Fig. S7. The top KEGG pathways significantly dif‑
ferentially regulated between health and pouchitis in our current study 
(A) and between health and ulcerative colitis (non-UC and UC) from the 
human microbiome project (B). The size of the dots depicts the number 
of differentially expressed KO genes. The color shows the adjusted 
p-value (FDR). The x-axis gene ratio represents the number of differentially 
expressed KO genes in the given pathway divided by the total number of 
differentially expressed KO genes. The pathways in red are shared by panel 
A and B. Fig. S8. The KEGG modules significantly altered in pouchitis (A) 
and UC (B) in comparison to health. The modules in red were enriched in 
both datasets. Fig. S9. Butyrate gene expression in donors and patients 
before FMT treatment. The relative expression levels of the genes were 
scaled with z-score by row. Fig. S10. Expression of DE butyrate synthesis 
genes between health and pouchitis in all samples. Butyrate synthesis 
genes that were differentially expressed in pouchitis (Table S1 sheet 10) 
were extracted from the total transcriptome and their expression levels 
during FMT are shown here. The barplot on the top shows the mean of 
relative expression of all differentially expressed butyrate genes in that 
sample (normalized by the total number of mapped reads per sample). 
Color codes depict the contributing genera, pathways and genes. The 
values in the heatmap show the z-score scaled relative expression of all 
genes of each genus. Fig. S11. Expression of DE genes involved in bile 
acids metabolism between health and pouchitis in all samples. Fig. S12. 
Expression of DE vitamin B12 synthesis genes between health and pouchi‑
tis in all samples. Fig. S13. Expression of DE vitamin B6 synthesis genes 
between health and pouchitis in all samples. Fig. S14. Expression of DE 
genes involved in tryptophan metabolism between health and pouchitis 
in all samples. Fig. S15. The expression of all DE genes grouped by genus. 
The barplot on the top shows the sum of the expression of all genera’s 
genes, while the right side barplot depicts the number of DE genes for 
each genus. All genera with relative read abundance >=0.1% are shown. 
Fig. S16. Expression of all genes involved in tryptophan metabolism 
grouped by genus. Fig. S17. Relative expression levels of COG categories 
in F. prausnitzii during FMT. The relative expression was calculated with 
total read count of a given COG category divided by the total read count 
of F. prausnitzii.

Additional file 2: Table S1. All sheets are listed below. Sheet 1. Clinical 
metadata. Sheet 2. Sample description. Sheet 3. The reads mapping statis‑
tics. Sheet 4. The read count on phylum. Sheet 5. The read count on genus. 
Sheet 6. The expression of Cytomegalovirus genes. Sheet 7. Differentialy 
expressed genes between donor and pouchitis. Sheet 8. KEGG pathways 
and modules enrichment in donor compared to pouchitis. Sheet 9. KEGG 
pathways and modules enriched in health compared to UC in HMP2 IBDM 
dataset. Sheet 10. DE butyrate biosysthesis genes between donor and 
pouchitis. Sheet 11. DE bile acid metabolism genes. Sheet 12. DE vitamin 
B12 biosysthesis genes. Sheet 13. DE vitamin B6 biosysthesis genes. Sheet 
14. DE tryptophan metabolism genes. Sheet 15. eggNOG gene expression 
changes in F. prausnitzii. 

Acknowledgements
We thank the volunteer for providing samples for this study and Bettina Elxnat 
for excellent technical assistance. We would like to express special thanks 
to Frank Pessler (TWINCORE Center for Experimental and Clinical Infection 
Research, Hannover, Germany) for encouraging us to undertake this project 
and for many stimulating discussions. The sequencing facility of the HZI is 

https://doi.org/10.1186/s40168-023-01713-9
https://doi.org/10.1186/s40168-023-01713-9


Page 19 of 21Deng et al. Microbiome          (2023) 11:269 	

gratefully acknowledged for their untiring support. We thank Michael Jarek 
and Jürgen Tomasch for their expert advice on many aspects of the study.

Authors’ contributions
Z-LD performed the analysis and wrote the first draft of the manuscript. DHP 
provided the 16S rRNA gene amplicon sequencing data. AS and AS performed 
the FMT and provided stool samples and clinical data. MV collected and 
maintained samples and clinical information. MR extracted and sequenced 
RNA. IW-D planned and supervised the study. All authors contributed to the 
final manuscript and approved it.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work was 
supported by the Innovative Medicines Initiative Joint Undertaking under 
grant agreement no. [115523], COMBACTE (www.combacte.com), resources of 
which are composed of financial contribution from the European Union’s Sev‑
enth Framework Programme (FP7/2007–2013) and EFPIA companies’ in-kind 
contribution. Funding was also provided by the Deutsche Forschungsgemein‑
schaft within the Collaborative Research Center Roseobacter (TRR 51).

Availability of data and materials
All the sequencing data is available in European Nucleotide Archive (ENA) via 
accession number PRJEB48996.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Group Computational Biology for Infection Research, Helmholtz Center 
for Infection Research, Brunswick, Germany. 2 Group Microbial Interactions 
and Processes, Helmholtz Center for Infection Research, Brunswick, Ger‑
many. 3 Department of Internal Medicine IV (Gastroenterology, Hepatology, 
and Infectious Diseases), Jena University Hospital, Jena, Germany. 4 Institute 
for Medical Microbiology and Hospital Epidemiology, Hannover Medical 
School, Hannover, Germany. 5 Group Microbial Communication, Helmholtz 
Center for Infection Research, Brunswick, Germany. 6 TÜV Rheinland, Cologne, 
Germany. 7 Institute of Microbiology, Technical University of Braunschweig, 
Brunswick, Germany. 

Received: 28 December 2022   Accepted: 30 October 2023

References
	1.	 Staley C, Halaweish H, Graiziger C, Hamilton MJ, Kabage AJ, Galdys AL, 

et al. Lower endoscopic delivery of freeze-dried intestinal microbiota 
results in more rapid and efficient engraftment than oral administration. 
Sci Rep. 2021;11:1–9.

	2.	 Baunwall SMD, Lee MM, Eriksen MK, Mullish BH, Marchesi JR, Dahlerup 
JF, et al. Faecal microbiota transplantation for recurrent Clostridioides 
difficile infection: an updated systematic review and meta-analysis. EClini‑
calMedicine. 2020;29:100642.

	3.	 Xiao Y, Angulo MT, Lao S, Weiss ST, Liu YY. An ecological framework to 
understand the efficacy of fecal microbiota transplantation. Nat Com‑
mun. 2020;11:1–17.

	4.	 Green JE, Davis JA, Berk M, Hair C, Loughman A, Castle D, et al. Efficacy 
and safety of fecal microbiota transplantation for the treatment of dis‑
eases other than Clostridium difficile infection: a systematic review and 
meta-analysis. Gut Microbes. 2020;12:1–25.

	5.	 Ng SC, Shi HY, Hamidi N, Underwood FE, Tang W, Benchimol EI, et al. 
Worldwide incidence and prevalence of inflammatory bowel disease 
in the 21st century: a systematic review of population-based studies. 
Lancet. 2017;390:2769–78.

	6.	 Guan Q. A comprehensive review and update on the pathogenesis of 
inflammatory bowel disease. J Immunol Res. 2019;2019:7247238.

	7.	 Fazio VW, O’Riordain MG, Lavery IC, Church JM, Lau P, Strong SA, et al. 
Long-term functional outcome and quality of life after stapled restorative 
proctocolectomy. Ann Surg. 1999;230:575–84.

	8.	 Nishida A, Imaeda H, Inatomi O, Bamba S, Sugimoto M, Andoh A. The 
efficacy of fecal microbiota transplantation for patients with chronic 
pouchitis: a case series. Clin Case Reports. 2019;7:782.

	9.	 Segal JP, Ding NS, Worley G, Mclaughlin S, Preston S, Faiz OD, et al. 
Systematic review with meta-analysis: the management of chronic refrac‑
tory pouchitis with an evidence-based treatment algorithm. Aliment 
Pharmacol Ther. 2017;45:581–92.

	10.	 Fang S, Kraft CS, Dhere T, Srinivasan J, Begley B, Weinstein D, et al. Suc‑
cessful treatment of chronic pouchitis utilizing fecal microbiota trans‑
plantation (FMT): a case report. Int J Colorectal Dis. 2016;31:1093–4.

	11.	 Herfarth H, Barnes EL, Long MD, Isaacs KL, Leith T, Silverstein M, et al. 
Combined endoscopic and oral fecal microbiota transplantation in 
patients with antibiotic-dependent pouchitis: low clinical efficacy due to 
low donor microbial engraftment. Inflamm Intest Dis. 2019;4:1–6.

	12.	 Landy J, Walker AW, Li JV, Al-Hassi HO, Ronde E, English NR, et al. Variable 
alterations of the microbiota, without metabolic or immunological 
change, following faecal microbiota transplantation in patients with 
chronic pouchitis. Sci Rep. 2015;5:12955.

	13.	 Selvig D, Piceno Y, Terdiman J, Zydek M, Umetsu SE, Balitzer D, et al. Fecal 
microbiota transplantation in pouchitis: clinical, endoscopic, histologic, 
and microbiota results from a pilot study. Dig Dis Sci. 2020;65:1099–106.

	14.	 Stallmach A, Lange K, Buening J, Sina C, Vital M, Pieper DH. Fecal micro‑
biota transfer in patients with chronic antibiotic-refractory pouchitis. Am 
J Gastroenterol. 2016;111:441–3.

	15.	 Schmid M, Frick JS, Malek N, Goetz M. Successful treatment of pouchitis 
with vedolizumab, but not fecal microbiota transfer (FMT), after procto‑
colectomy in ulcerative colitis. Int J Colorectal Dis. 2017;32:597–8.

	16.	 Trang-Poisson C, Trang-Poisson C, Kerdreux E, Kerdreux E, Poinas A, 
Planche L, et al. Impact of fecal microbiota transplantation on chronic 
recurrent pouchitis in ulcerative colitis with ileo-anal anastomosis: study 
protocol for a prospective, multicenter, double-blind, randomized, con‑
trolled trial. Trials. 2020;21:1–13.

	17.	 Karjalainen EK, Renkonen-Sinisalo L, Satokari R, Mustonen H, Ristimäki 
A, Arkkila P, et al. Fecal microbiota transplantation in chronic pouchitis: 
a randomized, parallel, double-blinded clinical trial. Inflamm Bowel Dis. 
2021;27:1766–72.

	18.	 Schirmer M, Franzosa EA, Lloyd-Price J, McIver LJ, Schwager R, Poon TW, 
et al. Dynamics of metatranscription in the inflammatory bowel disease 
gut microbiome. Nat Microbiol. 2018;3:337–46

	19.	 Franzosa EA, Sirota-Madi A, Avila-Pacheco J, Fornelos N, Haiser HJ, Reinker 
S, et al. Gut microbiome structure and metabolic activity in inflammatory 
bowel disease. Nat Microbiol. 2019;4:293–305.

	20.	 Lloyd-Price J, Arze C, Ananthakrishnan AN, Schirmer M, Avila-Pacheco J, 
Poon TW, et al. Multi-omics of the gut microbial ecosystem in inflamma‑
tory bowel diseases. Nature. 2019;569:655–62.

	21.	 Lavelle A, Sokol H. Gut microbiota-derived metabolites as key actors 
in inflammatory bowel disease. Nat Rev Gastroenterol Hepatol. 
2020;17:223–37.

	22.	 Wood DE, Salzberg SL. Kraken: ultrafast metagenomic sequence clas‑
sification using exact alignments. Genome Biol. 2014;15:1–12.

	23.	 Li J, Jia H, Cai X, Zhong H, Feng Q, Sunagawa S, et al. An integrated cata‑
log of reference genes in the human gut microbiome. Nat Biotechnol. 
2014;32:834–41.

	24.	 Li H. Aligning sequence reads, clone sequences and assembly contigs 
with BWA-MEM. 2013;arXiv:1303.3997.

	25.	 Kim D, Song L, Breitwieser FP, Salzberg SL. Centrifuge: rapid and sensitive 
classification of metagenomic sequences. Genome Res. 2016;26:1721–29.

	26.	 Yu G, Wang LG, Han Y, He QY. ClusterProfiler: an R package for com‑
paring biological themes among gene clusters. Omi A J Integr Biol. 
2012;16:284–7.

http://www.combacte.com


Page 20 of 21Deng et al. Microbiome          (2023) 11:269 

	27.	 Sinha SR, Haileselassie Y, Nguyen LP, Tropini C, Wang M, Becker LS, et al. 
Dysbiosis-induced secondary bile acid deficiency promotes intestinal 
inflammation. Cell Host Microbe. 2020;27:659–70.

	28.	 Zezos P, Saibil F. Inflammatory pouch disease: the spectrum of pouchitis. 
World J Gastroenterol. 2015;21:8739.

	29.	 Lee JH, Lee J. Indole as an intercellular signal in microbial communities. 
FEMS Microbiol Rev. 2010;34:426–44.

	30.	 Huerta-Cepas J, Szklarczyk D, Heller D, Hernández-Plaza A, Forslund SK, 
Cook H, et al. EggNOG 5.0: a hierarchical, functionally and phylogeneti‑
cally annotated orthology resource based on 5090 organisms and 2502 
viruses. Nucleic Acids Res. 2019;47:D309–14.

	31.	 Evans C, Hardin J, Stoebel DM. Selecting between-sample RNA-Seq 
normalization methods from the perspective of their assumptions. Brief 
Bioinform. 2018;19:776–92.

	32.	 Quinn TP, Erb I, Richardson MF, Crowley TM. Understanding sequenc‑
ing data as compositions: an outlook and review. Bioinformatics. 
2018;34:2870–8.

	33.	 Quinn TP, Crowley TM, Richardson MF. Benchmarking differential 
expression analysis tools for RNA-Seq: normalization-based vs. log-ratio 
transformation-based methods. BMC Bioinformatics. 2018;19:274.

	34.	 Reck M, Tomasch J, Deng Z, Jarek M, Husemann P, Wagner-Döbler I. Stool 
metatranscriptomics: a technical guideline for mRNA stabilisation and 
isolation. BMC Genomics. 2015;16:1–8.

	35.	 Aronesty E. Comparison of sequencing utility programs. Open Bioinform 
J. 2013;7:1–8.

	36.	 Kopylova E, Noé L, Touzet H. SortMeRNA: fast and accurate filter‑
ing of ribosomal RNAs in metatranscriptomic data. Bioinformatics. 
2012;28:3211–7.

	37.	 Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, et al. 
Roary: rapid large-scale prokaryote pan genome analysis. Bioinformatics. 
2015;31:3691–3.

	38.	 Li W, Godzik A. Cd-hit: a fast program for clustering and comparing large 
sets of protein or nucleotide sequences. Bioinformatics. 2006;22:1658–9.

	39.	 Buchfink B, Xie C, Huson DH. Fast and sensitive protein alignment using 
DIAMOND. Nat Methods. 2014;12:59–60.

	40.	 Vital Marius, Karch Andre, Pieper D. Colonic butyrate-producing commu‑
nities in humans: an overview using omics data. mSystems. 2017;2:1–18.

	41.	 Anderson MJ. Permutational multivariate analysis of variance ( PER‑
MANOVA ). Wiley StatsRef Stat Ref Online. 2014;14:1–15.

	42.	 Fernandes AD, Reid JNS, Macklaim JM, McMurrough TA, Edgell DR, Gloor 
GB. Unifying the analysis of high-throughput sequencing datasets: 
characterizing RNA-seq, 16S rRNA gene sequencing and selective growth 
experiments by compositional data analysis. Microbiome. 2014;2:1–3.

	43.	 Robinson MD, McCarthy DJ, Smyth GK. edgeR: A bioconductor package 
for differential expression analysis of digital gene expression data. Bioin‑
formatics. 2009;26:139–40.

	44.	 Sommer F, Anderson JM, Bharti R, Raes J, Rosenstiel P. The resilience of the 
intestinal microbiota influences health and disease. Nat Rev Microbiol. 
2017;15:630–8.

	45.	 Chen L, Wang D, Garmaeva S, Kurilshikov A, Vich Vila A, Gacesa R, et al. The 
long-term genetic stability and individual specificity of the human gut 
microbiome. Cell. 2021;184:2302–15.

	46.	 Duvallet C, Gibbons SM, Gurry T, Irizarry RA, Alm EJ. Meta-analysis of gut 
microbiome studies identifies disease-specific and shared responses. Nat 
Commun. 2017;8:1784.

	47.	 Shreiner AB, Kao JY, Young VB. The gut microbiome in health and in 
disease. Curr Opin Gastroenterol. 2015;31:69.

	48.	 Fan Y, Pedersen O. Gut microbiota in human metabolic health and dis‑
ease. Nat Rev Microbiol. 2021;19:55–71.

	49.	 Lozupone C a, Stombaugh JI, Gordon JI, Jansson JK, Knight R. Diver‑
sity, stability and resilience of the human gut microbiota. Nature. 
2012;489:220–30.

	50.	 Lopez LR, Bleich RM, Arthur JC. Microbiota effects on carcinogenesis: 
initiation, promotion, and progression. Annu Rev Med. 2021;72:243–61.

	51.	 Haiser HJ, Gootenberg DB, Chatman K, Sirasani G, Balskus EP, Turnbaugh 
PJ. Predicting and manipulating cardiac drug inactivation by the human 
gut bacterium Eggerthella lenta. Science. 2013;341:295–8.

	52.	 Bess EN, Bisanz JE, Yarza F, Bustion A, Rich BE, Li X, et al. Genetic basis for 
the cooperative bioactivation of plant lignans by Eggerthella lenta and 
other human gut bacteria. Nat. Microbiol. 2020;5:56–66.

	53.	 Ugarte-Torres A, Gillrie MR, Griener TP, Church DL. Eggerthella lenta 
bloodstream infections are associated with increased mortality following 
empiric piperacillin-tazobactam (TZP) monotherapy: a population-based 
cohort study. Clin Infect Dis. 2018;67:221–8.

	54.	 Priputnevich T, Lyubasovskaya L, Muravieva V, Kondrakhin A, Ignateva A, 
Gordeev A, et al. Postpartum endometritis and obstetrical sepsis associ‑
ated with Eggerthella lenta. Case report and review of the literature. J 
Matern Neonatal Med. 2021;34:313–7.

	55.	 Chen J, Wright K, Davis JM, Jeraldo P, Marietta E V, Murray J, et al. An 
expansion of rare lineage intestinal microbes characterizes rheumatoid 
arthritis. Genome Med. 2016;8:1–4.

	56.	 Bisanz JE, Soto-Perez P, Noecker C, Aksenov AA, Lam KN, Kenney GE, et al. 
A genomic toolkit for the mechanistic dissection of intractable human 
gut bacteria. Cell Host Microbe. 2020;27:1001–13.

	57.	 Moayyedi P, Surette MG, Kim PT, Libertucci J, Wolfe M, Onischi C, et al. 
Fecal microbiota transplantation induces remission in patients with 
active ulcerative colitis in a randomized controlled trial. Gastroenterology. 
2015;149:102–9.

	58.	 Wilson BC, Vatanen T, Cutfield WS, O’Sullivan JM. The super-donor phe‑
nomenon in fecal microbiota transplantation. Front Cell Infect Microbiol. 
2019;9:2.

	59.	 Fülöp T, Larbi A, Pawelec G. Human T cell aging and the impact of persis‑
tent viral infections. Front Immunol. 2013;4:271.

	60.	 Cao Y, Shen J, Ran ZH. Association between Faecalibacterium prausnitzii 
reduction and inflammatory bowel disease: a meta-analysis and system‑
atic review of the literature. Gastroenterol Res Pract. 2014;2014:872725.

	61.	 De Filippis F, Pasolli E, Ercolini D. Newly explored faecalibacterium 
diversity is connected to age, lifestyle, geography, and disease. Curr Biol. 
2020;30:4932-4943.e4.

	62.	 Machiels K, Joossens M, Sabino J, De Preter V, Arijs I, Eeckhaut V, et al. 
A decrease of the butyrate-producing species Roseburia hominis and 
Faecalibacterium prausnitzii defines dysbiosis in patients with ulcerative 
colitis. Gut. 2014;63:1275–83.

	63.	 Sokol H, Seksik P, Furet JP, Firmesse O, Nion-Larmurier I, Beaugerie L, et al. 
Low counts of faecalibacterium prausnitzii in colitis microbiota. Inflamm 
Bowel Dis. 2009;15:1183–9.

	64.	 Sokol H, Pigneur B, Watterlot L, Lakhdari O, Bermúdez-Humarán LG, 
Gratadoux JJ, et al. Faecalibacterium prausnitzii is an anti-inflammatory 
commensal bacterium identified by gut microbiota analysis of Crohn 
disease patients. Proc Natl Acad Sci U S A. 2008;105:16731–6.

	65.	 Louis P, Flint HJ. Diversity, metabolism and microbial ecology of butyrate-
producing bacteria from the human large intestine. FEMS Microbiol Lett. 
2009;294:1–8.

	66.	 Lopez-Siles M, Duncan SH, Garcia-Gil LJ, Martinez-Medina M. Faecalibac‑
terium prausnitzii: from microbiology to diagnostics and prognostics. 
ISME J. 2017;11:841–52.

	67.	 He X, Zhao S, Li Y. Faecalibacterium prausnitzii: a next-generation 
probiotic in gut disease improvement. Can J Infect Dis Med Microbiol. 
2021;2021:1–10.

	68.	 Papanicolas LE, Choo JM, Wang Y, Leong LEX, Costello SP, Gordon DL, 
et al. Bacterial viability in faecal transplants: which bacteria survive?. 
EBioMedicine. 2019;41:509–16.

	69.	 Friedman ES, Bittinger K, Esipova TV, Hou L, Chau L, Jiang J, et al. Microbes 
vs. chemistry in the origin of the anaerobic gut lumen. Proc Natl Acad Sci 
U S A. 2018;115:4170–5.

	70.	 Rigottier-Gois L. Dysbiosis in inflammatory bowel diseases: the oxygen 
hypothesis. ISME J. 2013;7:1256–61.

	71.	 Henson MA, Phalak P. Microbiota dysbiosis in inflammatory bowel 
diseases: in silico investigation of the oxygen hypothesis. BMC Syst Biol. 
2017;11:1–5.

	72.	 Funabashi M, Grove TL, Wang M, Varma Y, McFadden ME, Brown LC, et al. 
A metabolic pathway for bile acid dehydroxylation by the gut microbi‑
ome. Nature. 2020;582:566–70.

	73.	 Harris SC, Devendran S, Alves JMP, Mythen SM, Hylemon PB, Ridlon JM. 
Identification of a gene encoding a flavoprotein involved in bile acid 
metabolism by the human gut bacterium Clostridium scindens ATCC 
35704. Biochim Biophys Acta - Mol Cell Biol Lipids. 2018;1863:276–83.

	74.	 Duboc H, Rajca S, Rainteau D, Benarous D, Maubert MA, Quervain E, et al. 
Connecting dysbiosis, bile-acid dysmetabolism and gut inflammation in 
inflammatory bowel diseases. Gut. 2013;62:531–9.



Page 21 of 21Deng et al. Microbiome          (2023) 11:269 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	75.	 Staley C, Kelly CR, Brandt LJ, Khoruts A, Sadowsky MJ. Complete micro‑
biota engraftment is not essential for recovery from recurrent Clostridium 
difficile infection following fecal microbiota transplantation. MBio. 
2016;7:e01965–16.

	76.	 Broecker F, Klumpp J, Schuppler M, Russo G, Biedermann L, Hombach 
M, et al. Long-term changes of bacterial and viral compositions in the 
intestine of a recovered Clostridium difficile patient after fecal microbiota 
transplantation. Mol Case Stud. 2016;2:a000448.

	77.	 Taylor BC, Lejzerowicz F, Poirel M, Shaffer JP, Jiang L, Aksenov A, et al. Con‑
sumption of fermented foods is associated with systematic differences in 
the gut microbiome and metabolome. mSystems. 2020;5:e00901–19.

	78.	 Franzosa EA, Morgan XC, Segata N, Waldron L, Reyes J, Earl AM, et al. 
Relating the metatranscriptome and metagenome of the human gut. 
Proc Natl Acad Sci U S A. 2014;111:e2329–38.

	79.	 Abu-Ali GS, Mehta RS, Lloyd-Price J, Mallick H, Branck T, Ivey KL, et al. 
Metatranscriptome of human faecal microbial communities in a cohort 
of adult men. Nat Microbiol. 2018;3:356–66.

	80.	 Deng Z-L, Gottschick C, Bhuju S, Masur C, Abels C, Wagner-Döbler I. 
Metatranscriptome analysis of the vaginal microbiota reveals potential 
mechanisms for protection against metronidazole in bacterial vaginosis. 
mSphere. 2018;3:e00262–18.

	81.	 Xiong X, Bales ES, Ir D, Robertson CE, McManaman JL, Frank DN, et al. Per‑
ilipin-2 modulates dietary fat-induced microbial global gene expression 
profiles in the mouse intestine. Microbiome. 2017;5:117.

	82.	 Ianiro G, Punčochář M, Karcher N, Porcari S, Armanini F, Asnicar F, et al. 
Variability of strain engraftment and predictability of microbiome com‑
position after fecal microbiota transplantation across different diseases. 
Nat Med. 2022;28:1913–23.

	83.	 Levy AN, Allegretti JR. Insights into the role of fecal microbiota trans‑
plantation for the treatment of inflammatory bowel disease. Therap Adv 
Gastroenterol. 2019;12:1756284819836893.

	84.	 El-Nachef N, Piceno YM, Kassam Z, Zydek M, Ablaza A-J, Leith T, et al. 
Fecal microbiota transplantation is safe and effective in chronic pouchitis 
patients. Gastroenterology. 2017;152:S1009.

	85.	 Cold F, Kousgaard SJ, Halkjaer SI, Petersen AM, Nielsen HL, Thorlacius-
Ussing O, et al. Fecal microbiota transplantation in the treatment of 
chronic pouchitis: a systematic review. Microorganisms. 2020;8:1433.

	86.	 Stallmach A, Steube A, Grunert P, Hartmann M, Biehl LM, Vehreschild 
MJGT. Fecal microbiota transfer: reliable indications, donor screening, and 
modes of application. Dtsch Arztebl Int. 2020;117:31.

	87.	 Hata K, Ishihara S, Nozawa H, Kawai K, Kiyomatsu T, Tanaka T, et al. Pouchi‑
tis after ileal pouch-anal anastomosis in ulcerative colitis: diagnosis, 
management, risk factors, and incidence. Dig Endosc. 2017;29:26–34.

	88.	 Junca H, Pieper DH, Medina E. The emerging potential of microbiome 
transplantation on human health interventions. Comput Struct Biotech‑
nol J. 2022;20:615–27.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.


	Engraftment of essential functions through multiple fecal microbiota transplants in chronic antibiotic-resistant pouchitis—a case study using metatranscriptomics
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Results
	Study design and clinical data
	Sequencing data and metatranscriptome analysis
	Taxonomic composition and gene expression of the microbial communities
	Activity changes between health and pouchitis
	Gene expression changes in synthesis of butyrate, B vitamins and metabolism of bile acids, and tryptophan
	Engraftment of essential functions during FMT
	Activity of Faecalibacterium prausnitzii during FMT

	Methods
	Sample collection
	RNA extraction and sequencing
	Quality control and preprocessing of the sequencing reads
	Reference database construction
	Taxonomy assignment and functional annotation of reference genes
	Calculation of differential expression and KEGG pathway analysis

	Discussion
	Conclusions
	Anchor 25
	Acknowledgements
	References


